Background and Purpose: Methylene blue and 6-anilino,5,8-quinolinedione (LY83583) are used extensively to block activation of guanylate cyclase. Both agents generate oxygen radicals. Therefore, it appeared profitable to investigate whether the generation of oxygen radicals by these agents is responsible for the blockade of responses to nitrodilators that act via activation of guanylate cyclase to relax vascular smooth muscle and cause vasodilation.
T he experiments reported below were undertaken to investigate the role of oxygen radicals in the mechanisms by which methylene blue and 6-anilino,5,8-quinolinedione (LY83583) prevent the activation of soluble guanylate cyclase and the associated vasodilation in cerebral arterioles. The rationale for these studies is as follows.
Methylene blue is used extensively to block guanylate cyclase-dependent vascular smooth muscle relaxation. Methylene blue blocks the relaxations induced by nitrodilators or by endothelium-derived relaxing factor See Editorial Comment, page 434 (EDRF) released by acetylcholine from isolated large vessels.1,2 The inhibition of vascular relaxation by methylene blue is due to inhibition of activation of soluble guanylate cyclase. The mechanism for this effect of methylene blue has not been identified.
We recently reported a different mechanism by which methylene blue interferes with endothelium-dependent relaxations from acetylcholine in the cerebral microcirculation of the cat. 3 In this preparation, methylene blue in low concentration (5 ,uM) Acetylcholine chloride, methylene blue, superoxide dismutase (SOD) (3,500 units/mg protein, from bovine blood), catalase (40,000 units/mg protein, from bovine liver), adenosine, sodium dodecyl sulfate (SDS), sodium nitroprusside, and dimethyl sulfoxide (DMSO) were obtained from Sigma. Deferoxamine was purchased from CIBA. LY83583 was a gift from Eli Lilly and Co. Nitroglycerin was prepared from tablets as described previously.3 All solutions were prepared in CSF immediately before use and were equilibrated at 37°C in a water bath immediately before application under the window. Solutions were prepared to achieve the following final concentrations: acetylcholine 10`' M, methylene blue 5 ,uM, sodium nitroprusside 1 .tM, nitroglycerin 2 ,M, SDS 20 ,uM, deferoxamine 1 mM, DMSO 10 gM, and adenosine 10`4 M.
The experimental design was as follows. We first obtained control responses to topical application of nitroprusside, nitroglycerin, and adenosine. Nitroprusside and nitroglycerin cause vasodilation via activation of guanylate cyclase, and adenosine acts via adenylate cyclase. In each case, the space under the cranial window was filled with the appropriate solution, which was left to stand until vessel responses reached a steady state. This was achieved within 2-4 minutes. Responses are expressed as percent changes from the baseline diameters and represent the steady-state values obtained during this time. Subsequently, the responses to these agents were retested in the presence of 5 ,uM methylene blue. A third test of the responses to nitroprusside, nitroglycerin, and adenosine in the presence of 5 uM topical methylene blue was carried out after a 15-minute application of 20 ,uM SDS. This detergent increases cellular permeability. The intent was to increase cellular permeability and thereby allow methylene blue to enter vascular smooth muscle. The technique of permeabilization of cells to enhance entry of various molecules into the intracellular compartment and attain access to intracellular enzymes has been used successfully in vascular and cardiac muscle as well as in isolated hepatocytes and in ovarian cells in culture. [12] [13] [14] [15] Under these conditions, the cells remain viable and retain normal histological features. In three experiments we performed electron microscopic studies after the application of SDS as described above. In these experiments after completion of the physiological studies, the brain was fixed by perfusion. We first perfused the brain transcardially with 0.9% sodium chloride solution followed by a fixative consisting of 2% paraformaldehyde and 2.5% glutaraldehyde in 0. location underlying the cranial window was peeled off together with the pial vessels, and the same vessels that in the physiological studies showed blockade of the responses to nitrodilators with the application of SDS and methylene blue were selected for study. The tissues were then processed as described previously16 for examination by transmission electron microscopy. The endothelium and vascular smooth muscle appeared entirely normal. The only detectable change was an apparent increase in sarcolemmal pits. We found in earlier studies that after SDS application vasodilator responses to acetylcholine, nitroprusside, nitroglycerin, and adenosine were not altered. 17 In a final phase of the experiment, the responses to nitroprusside, nitroglycerin, and adenosine were tested for the fourth time in the presence of SOD 60 units/ml, catalase 40 units/ml, deferoxamine 1 mM, or DMSO 10 gM. In another series of experiments, we investigated the mechanism of action of LY83583. We first tested responses to topical application of nitroprusside, nitroglycerin, and adenosine as described above for methylene blue. We then applied 10 gM LY83583 for 15 minutes. Subsequently, we retested responses to the vasoactive agents. In a final phase of the experiment, we tested responses to nitroglycerin, nitroprusside, and adenosine in the presence of either SOD 60 units/ml, catalase 40 units/ml, or DMSO 10 ,uM.
In the final series of experiments we investigated the effect of LY83583 on the vasodilator action of CGRP.
We first tested responses to topical application of CGRP. We then applied 10 (Figures 1-4) . The results with respect to nitroglycerin and nitroprusside confirm our findings in earlier experiments.3 After application of SDS to increase cellular permeability, methylene blue blocked the responses to nitroprusside and nitroglycerin but did not affect the responses to adenosine. The blockade of the responses to nitroprusside and nitroglycerin by methylene blue was reversed in the presence of catalase, SOD, or DMSO (Figures 1-3) but not in the presence of deferoxamine ( Figure 4 ). Baseline arteriolar caliber was unaffected by methylene blue (before and after SDS), SOD, catalase, DMSO, or deferoxamine.
LY83583 completely inhibited the vasodilation from nitroprusside but did not affect the response to adenosine ( Figures 5-7) . The blockade induced by LY83583 was completely reversed by SOD, catalase, or DMSO ( Figures 5-7) . LY83583 did not alter baseline arteriolar caliber.
LY83583 completely inhibited the vasodilation from CGRP. The blockade induced by LY83583 was reversed by SOD ( Figure 8 The present study and earlier studies3 show that methylene blue can interfere with endothelium-dependent responses in the cerebral microcirculation of the cat by two mechanisms. The first mechanism operates only when cellular permeability is abnormally high and methylene blue has access to the interior of vascular smooth muscle. This effect depends on the blockade of guanylate cyclase. A second mechanism of action was identified earlier3 by showing that methylene blue inhibited the vasodilation from acetylcholine but did not affect responses to nitrodilators. This is the only effect of methylene blue when permeability is normal and methylene blue is restricted to the extracellular space. Mittal and Murad20 reported that hydroxyl radical activated partially purified liver-soluble guanylate cyclase. This preparation produced superoxide spontaneously. They found that the addition of SOD activated guanylate cyclase, whereas catalase and several agents that directly scavenge hydroxyl radical inhibited this activation. They concluded that guanylate cyclase was activated by hydroxyl radical generated via the HaberWeiss reaction from superoxide and hydrogen peroxide. Some of their observations, however, are not consistent with this conclusion. For example, SOD would be expected to inhibit the Haber-Weiss reaction by eliminating one of the precursors of hydroxyl radical and should have had an inhibitory effect on guanylate cyclase activation, but the reverse occurred. Also, not all scavengers of hydroxyl radical used were consistently effective. The findings of Mittal and Murad20 would be more consistent with inhibition of guanylate cyclase by superoxide and activation by hydrogen peroxide. Burke and Wolin2' described activation of guanylate cyclase in pulmonary arteries in vitro by hydrogen peroxide. The mechanism of activation involved the generation of compound I of catalase. If this is the correct explanation for the findings of Mittal and Murad,20 the effect of some of the hydroxyl radical scavengers used may be explained by the fact that they inactivate catalase rather than by direct scavenging of hydroxyl radical.
SMALL ARTERIOLES
It is worthy of note that in our experiments, the generation of oxygen radicals by methylene blue or LY83583 was not accompanied by any changes in baseline caliber of cerebral arterioles. Superoxide, hydrogen peroxide, and hydroxyl radical generated in the extra- cellular space all dilate cerebral arterioles in cats. 22 The absence of an effect of methylene blue or LY83583 in the present experiments may be due to the fact that the effects of oxygen radicals generated intracellularly may be different or because the rates of production are less than those required to produce significant vasomotor effects. The first explanation is unlikely because methylene blue when confined to the extracellular space also did not induce significant alterations in baseline arteriolar caliber. 13 The rates of generation of superoxide observed in vitro from the concentration of methylene blue used in the present experiments of 0.02 nmol/min in the absence of reducing agents and 1.44 nmol/min in the presence of a reducing agent are sufficiently low to be consistent with this interpretation.3 Also, the absence of changes in baseline arteriolar caliber despite effective inhibition of guanylate cyclase by methylene blue after SDS treatment or by LY83583 suggests that guanylate cyclase is not active under resting conditions.
